OBJECTIVES: In chronic thromboembolic pulmonary hypertension (CTEPH), right ventricular (RV) dysfunction is associated with increased morbidity and mortality following pulmonary endarterectomy. Plasma brain natriuretic peptide (BNP) levels were previously shown to correlate with RV (dys)function. We hypothesized that BNP can be used as a non-invasive biomarker to identify patients at 'high risk' for postoperative morbidity and mortality.
INTRODUCTION
Chronic thromboembolic pulmonary hypertension (CTEPH) results from incomplete resolution of the vascular obstruction caused by pulmonary thromboembolism [1] .
If left untreated, the prognosis in CTEPH is poor and proportional to the degree of pulmonary hypertension (PH) [2] . Advanced CTEPH leads to cardiac remodelling with a consequent impact on cardiac function [3] . As a result, death in most CTEPH patients is caused by progressive right ventricular (RV) failure. Pulmonary endarterectomy (PEA) is the therapy of choice for patients with surgically accessible CTEPH [1, 4, 5] . This intervention, however, does not come without potential risk, with mortality figures ranging from 5% to 24% of operated cases [1, 6, 7] . In these patients, preoperative RV dysfunction is associated with increased postoperative morbidity and mortality [7, 8] .
Better preoperative identification of RV dysfunction and subsequent preoperative medical treatment may improve the postoperative outcome [9] [10] [11] .
Cardiac magnetic resonance imaging (cMRI) is considered the most accurate method to quantify RV function in CTEPH patients [12] . cMRI, however, is not part of the routine work up in CTEPH patients; it requires specific expertise and is time consuming and expensive. Plasma brain natriuretic peptide (BNP) is secreted by the cardiac ventricles in response to wall stretching and volume overload [13, 14] . In CTEPH, BNP levels correlate with haemodynamic severity of disease [15] [16] [17] . Moreover, previously, using cMRI, we have demonstrated that plasma BNP levels can be used to identify RV dysfunction [18] . So, we hypothesized that BNP can be used as a non-invasive biomarker to identify patients at 'high risk' for increased postoperative morbidity and mortality. Therefore, using previously determined cut-off values [18] , we studied postoperative haemodynamic and functional outcomes in relation to preoperative plasma BNP levels.
PATIENTS AND METHODS
Prospectively, we studied 73 consecutive patients (male 30; age 55 years) diagnosed with CTEPH, referred to the Academic Medical Center of the University of Amsterdam. Diagnoses of CTEPH and cardiopulmonary haemodynamics were determined by pulmonary angiography and right heart catheterization [19] . PH was defined as mean pulmonary artery pressure (mPAP) >25 mmHg at rest or >30 mmHg during exercise. At inclusion, all patients received oral anticoagulants for at least 3 months. Patients with renal insufficiency (creatinine >115 μmol l −1 ), concomitant left-sided heart disease, uncontrolled systemic hypertension or uncontrolled diabetes mellitus were excluded. All patients included underwent PEA according to the protocol of the University of California San Diego [8] . All patients were operated upon by one surgeon ( Jaap J. Kloek).
Study design
In a previous set of consecutive patients, we demonstrated that plasma BNP can be used as a parameter of RV function [18] . More particularly, using the receiver operating characteristic (ROC) analysis, we demonstrated that BNP < 11.5 pmol/l identified patients with normal RV function (RV ejection fraction [RVEF] ≥45%; area under the curve [AUC] 0.97), whereas BNP >48.5 pmol/l identified patients with distinct RV failure (RVEF <30%; AUC 0.91). Therefore, in the current study, patients were divided into three groups based on these previously determined cut-off values: Group I (BNP <11.5), Group II (11.5 ≤ BNP<48.5) and Group III (BNP >48.5).
Postoperatively, haemodynamic characteristics were determined on the first or second day after PEA, before removal of the Swan-Ganz catheter (Edwards Life-Sciences, Irvine, CA, USA). Postoperative 'bad outcome' was defined as either the presence of residual PH (mPAP >25 mmHg) or all-cause mortality. To assess short-term postoperative clinical outcome, we determined the duration of stay on the intensive care unit (ICU), the duration of mechanical ventilation (MV) and the number of different inotropics used in all surviving patients. RV function was routinely assessed by trans-thoracic echocardiography before PEA, and 2 weeks and 3 months after surgery, as described previously [20] . To assess systolic RV function, we determined the tricuspid annular plane systolic excursion and the systolic pulmonary artery pressure (sPAP) [20] . Overall RV function was assessed by the myocardial performance index [20] . To assess the functional outcome after PEA, a 6-min walk test was routinely performed in all patients before surgery, as well as 3 and 12 months following PEA according to the guidelines of the American Thoracic Society, as described previously [21, 22] . Plasma BNP levels were determined, as previously described, using an immunoradiometric assay (ShionoRIA BNP, Shionogi Pharmaceutical, Osaka, Japan) [18, 23] . To determine the plasma BNP level, blood samples were collected preoperatively during the diagnostic work up of CTEPH, before the initiation of any vasoactive medication.
Statistical analysis
All calculations were performed with a statistical package (SPSS 16; SPSS Inc., Chicago, IL, USA). Data are expressed as median (range), as indicated in the text. Haemodynamic parameters, functional and in-hospital characteristics and echocardiographic parameters between the three pre-defined groups of patients were analysed by the non-parametric Kruskall-Wallis test. In case of an overall statistical difference, the differences between groups were further analysed using the Mann-Whitney U-test. Preoperatively, the pulmonary vascular resistance is the most important predictor of outcome after PEA [7, 8] . So, using multiple logistic regression analysis, we studied the contribution of BNP >48.5 pmol/l and the total pulmonary resistance (TPR) in predicting postoperative 'bad outcome'. The optimal cut-off point for the preoperative TPR, in predicting 'bad outcome' (i.e. residual PH [by definition mPAP >25 mmHg] or all-cause mortality), was identified by ROC curve analysis, using the highest likelihood ratio. The AUC is presented with a 95% confidence interval (CI). A P-value <0.05 was considered statistically significant.
RESULTS

Baseline patient characteristics
Baseline clinical and haemodynamic characteristics are summarized in Table 1 . The three groups defined by the preset BNP cut-off values differed significantly with respect to the haemodynamic and functional characteristics (Table 2) . Moreover, at baseline, the three groups differed significantly with respect to RV function (Table 3) . Whereas patients with BNP levels <11.5 pmol/l had a rather wellpreserved RV function, impairment of RV function was most pronounced in patients with BNP levels >48.5 pmol/l. Also, tricuspid regurgitation differed significantly between the groups.
Outcome after pulmonary endarterectomy
In general, PEA resulted in substantial haemodynamic improvement. Postoperatively (n = 68), mPAP decreased from 40 Values are expressed as median (range). CI: cardiac index; mPAP: mean pulmonary pressure; MV: mechanical ventilation; NS: not significant; ICU: intensive care unit; TPR: total pulmonary resistance; 6-MWD: 6-min walking distance; Δ6-MWD: change from baseline in 6-MWD; the following inotropics were used in our ICU: Noradrenaline, dobutamine/dopamine, isoprenaline and milrinone. ], respectively; P = 0.57). Postoperatively, residual PH (mPAP >25 mmHg; range 26-55 mmHg) was observed in 21 patients, of whom 7 had a mPAP >30 mmHg. Five (6.8%) patients died, 3 due to progressive right heart failure caused by persistent pulmonary hypertension and 2 due to postoperative massive alveolar haemorrhage. In the surviving patients, the postoperative course was complicated in 7 by mild reperfusion lung injury for which they needed prolonged MV (median, 6 days; range 3-9).
Outcome after pulmonary endarterectomy in predefined brain natriuretic peptide groups
Haemodynamic and functional outcomes in the three predefined groups of patients are summarized in Table 2 ; mortality and residual PH are illustrated in Fig. 1 .
Patients with BNP <11.5 pmol/l (n = 40) had an excellent haemodynamic outcome, i.e. mean PAP normalized in all but 8 (20%) patients (median mPAP 29 mmHg; range 26-36 mmHg) and no deaths were observed in this group. In contrast, 10 of 18 patients (56%) with BNP levels >48.5 pmol/l had (by definition) residual PH (median mPAP 27 mmHg; range 26-72 mmHg). In this group, 3 (17%) patients died; 2 due to progressive right heart failure caused by severe persistent PH and 1 due to postoperative massive alveolar haemorrhage. In line, patients with BNP levels between 11.5 and 48.5 pmol/l had an intermediate outcome; in 6 of 15 patients (40%), residual PH was observed (median mPAP 28 mmHg; range 26-49 mmHg). Moreover, in this group, 2 (13%) deaths occurred; 1 due to progressive right heart failure and 1 due to postoperative massive alveolar haemorrhage.
In addition, short-term postoperative outcomes differed significantly between the three groups of patients (Table 2) . Patients with BNP levels <11.5 pmol/l had an excellent shortterm outcome. In contrast, in patients with BNP levels >48.5 pmol/l, both the duration of ICU stay and the duration of MV were significantly longer, and the number of different inotropics used was significantly larger (Table 2) .
Postoperatively, the 6-min walk distance (6-MWD) improved significantly in all groups of patients (Table 2) . Moreover, at 1 year, the 6-MWD did not differ between the three groups of patients. The change from baseline in 6-MWD between patients with preoperative BNP <11.5 pmol/l and those with BNP >48.5 pmol/l differed significantly (Table 2) . Postoperatively (Table 3) , at 2 weeks and 3 months, RV function in the three groups still differed. Moreover, in line with the invasively measured direct postoperative mPAP, the echocardiographically assessed sPAP at 2 weeks and 3 months was significantly higher in the patients with BNP >48.5 pmol/l.
ROC curve analysis for TPR, predicting 'bad outcome' resulted in an AUC of 0.76 (95% CI 0.65-0.87; P <0.0001). The optimal cut-off point for TPR was determined by the highest likelihood ratio, leading to a cut-off >1023 dynes s cm −5 . Using logistic regression analysis, we studied the contribution of BNP >48.5 pmol/l and total pulmonary resistance (TPR) in predicting postoperative 'bad outcome', i.e. residual PH or allcause mortality. Both BNP >48.5 and TPR >1023 had an equal odds ratio (OR) of 4.2 for predicting 'bad outcome' (95% CI 1.4-12.8; P = 0.01). When BNP >48.5 and TPR >1023 were both entered in the model, the OR was not statistically significant (OR = 2.6; 95% CI 0.7-9.5; P = 0.16).
COMMENT
This is the first study in CTEPH patients in which we demonstrated that plasma BNP levels may be of clinical use as a noninvasive parameter for preoperative risk stratification of CTEPH patients. The predefined cut-off levels were shown to reflect RV (dys)function; and plasma BNP >48.5 pmol/l was shown to be an independent predictor of 'bad outcome', i.e. residual pulmonary hypertension or all-cause mortality.
Using previously determined cut-off levels indicative of RV function as assessed by cMRI [18] , we observed an excellent postoperative outcome without mortality in patients with BNP levels <11.5 pmol/l, indicating normal preoperative RV function (RVEF >45%). In contrast, in patients with BNP >48.5 pmol/l, indicating distinct RV dysfunction (RVEF <30%), postoperative outcome was significantly worse; residual pulmonary hypertension was observed in 56% and mortality in 17% of the patients. Moreover, short-term postoperative clinical outcome, i.e. the duration of MV, the duration of stay at the ICU and the number of different inotropics used, also differed significantly between these two groups. In addition, 2 weeks and 3 months after surgery, echocardiographic sPAP in patients with BNP >48.5 pmol/l was still (significantly) higher compared with the other groups of patients. The present findings confirm and extend our preliminary observations in a previous study, in a much smaller number of patients, on the usefulness of plasma BNP levels to predict and reflect preoperative RV dysfunction [18] . Patients with BNP levels >48.5 pmol/l represented haemodynamically and functionally the most severely affected patients. It has been demonstrated previously that severely affected patients, i.e. mPAP >50 mmHg, cardiac index <2.0 l min m −2 , pulmonary vascular resistance >1000 dynes s cm −5 and/or New York Heart Association class IV disease, are at high risk for postoperative haemodynamic instability, progressive RV failure and death after PEA [7, 8] . Previously, BNP levels were shown to correlate closely with parameters reflecting the haemodynamic severity of disease in CTEPH patients [15] [16] [17] [18] . In the present study, using logistic regression analysis we demonstrated that BNP >48.5 pmol/l was an independent predictor of postoperative 'bad outcome'. Moreover, the predictive value of BNP >48.5 pmol/l was shown to be equivalent to the predictive value of TPR, which is currently used as the parameter of the severity of disease and risk stratification of CTEPH patients eligible for PEA. The predefined cut-off levels indeed reflected echocardiographically determined RV (dys)function in the patients studied. So, based on the present findings, BNP indeed appears a useful non-invasive biomarker to identify RV dysfunction and may therefore be of potential clinical use to better identify patients at 'high risk' for a more complicated postoperative course after PEA.
The combined use of BNP >48.5 pmol/l and TPR did not increase the predictive value for 'bad outcome'. This might be due at least in part to the close correlation between BNP levels and TPR; there were only few patients with low TPR and BNP >48.5 pmol/l and high TPR and BNP ≤48.5 pmol/l, respectively, included in the present cohort. However, in contrast to TPR, BNP has several advantages; it is a very easy sampling procedure, and it can be used easily for follow-up and non-invasively to monitor the effects of medical treatment on RV function.
PEA is the therapy of first choice in CTEPH patients with surgically accessible thrombi [1, 7, 8] . In most patients, PEA can be performed with an acceptable mortality risk and results in clinical improvement and often near-normalization of pulmonary haemodynamics [7, 8] . A significant proportion of patients with CTEPH who undergo PEA, however, are in a haemodynamically unstable condition in the preoperative period, to the point that risks from surgery in general are significantly increased [7, 8] . In general, medical pretreatment is not indicated in clinically stable patients with surgically accessible CTEPH [24] . However, selected patients with more complex variants of CTEPH might benefit from medical pretreatment [9, 25] . Individual factors predictive of a beneficial response and whether such a response will have a positive impact on postoperative morbidity or mortality still remain to be established. In our view, the current findings point to a potential role of plasma BNP as a non-invasive parameter reflecting RV function to identify 'high-risk' patients and subsequently monitor the effect of medical treatment on RV function in these patients prior to PEA.
We also studied whether functional outcome at 1 year differed between the three pre-defined groups of patients. Despite the fact that compared with the patients with BNP levels <11.5 pmol/l, residual pulmonary hypertension was observed more frequently in the BNP >48.5 pmol/l group, 6-MWD at 1 year did not differ between the three groups of patients. In fact, postoperative functional outcome, as expressed by the change from baseline in 6-MWD 1 year after PEA, was even significantly better in the BNP >48.5 group when compared with the patients with BNP <11.5 pmol/l. So, although patients with increased BNP levels are at risk of a more complicated postoperative course after PEA, in the end, the patients who survive a PEA may in fact benefit more from surgical treatment.
There are some limitations to this study that need to be addressed. The first is the moderate sample size. Furthermore, although, based on the present study, BNP levels >48.5 pmol/l, shown previously to be indicative of RV dysfunction [18] , appear to be a useful non-invasive parameter for risk stratification of CTEPH patients, the usefulness of BNP in daily clinical practice still needs to be proven. In particular, the usefulness of BNP levels to monitor the effects of medical treatment of 'high-risk' patients needs to be proven. In the present study, most of the clinically more severely affected patients were treated preoperatively while waiting for surgery with epoprostenol, bosentan and/or sildenafil. The effects of medical treatment on BNP levels were not determined. In addition, the blood samples for BNP analyses were obtained before the initiation of any vasoactive medication.
In conclusion, we demonstrated that plasma BNP levels may be of use as a non-invasive biomarker reflecting RV dysfunction, next to other well-recognized (invasive) parameters such as TPR, for better preoperative risk stratification of CTEPH patients. However, additional studies in larger numbers of patients are warranted to determine the exact usefulness of plasma BNP in the identification of 'high-risk' patients, and on its role in monitoring the medical pretreatment in selected patients prior to PEA.
